Abstract
The review of Langley et al. [1] provides an excellent overview of experimental and theoretical of a nanowire film with thickness, t, is given by
where α (m −1 ) is an absorption coefficient. Khanarian et al. [7] [9] and Khanarian et al. [7] 52 all show a linear decrease of transmittance, T , on the fraction of the network covered by nanowires. In 53 the theoretical treatment that follows, we provide a structural basis for these observed dependencies.
54
The standard reference structure for heterogeneous fibrous materials is a random fibre network,
55
where fibre centres are distributed according to a point Poisson process in two dimensions and the 56 orientation of fibre axes has a uniform distribution [10] . sparse random network of lines with uniform length is shown on the right of Figure 1 .
66
For a random network of nanowires with mean coverage,c, the probability that a point has
67
coverage, c, is given by the Poisson distribution[14]:
If the expected number of nanowires per unit area is n, then for a network of nanowires each with 69 length, λ, and width, ω, the total length of nanowires per unit area, τ = n λ and the mean coverage 70 is given by [10] 
71c
= n λ ω (4) = τ ω .
For completeness, we note also thatc can be calculated as the ratio of the mass per unit area of 72 the network to that of the nanowires. Assuming circular cross-section, this latter parameter is given 73 by π ω ρ/4, where ρ is the density of the material and ρ = 10.5 g cm −3 for silver.
74
In their seminal Monte-Carlo study of percolation and conductivity, Pike and Seager [15] showed 75 that the percolation threshold, i.e. the lowest mean coverage at which a conducting path across the 76 network exists, is determined only by the aspect ratio of the nanowires, A = λ/ω, such that We model the resistance of a random network of nanowires as a system of parallel resistors, each with 106 resistance, r p,i . The resistance, R of a network of n r parallel resistors is given by
Let the resistance of a given resistor r p be that of a single path through a network with mean coverage 108 at the percolation threshold,c * . In any such path, the number of junctions, n j , will be one fewer than 109 the number of constituent nanowires, n w , such that n j ≈ n w for n w ≫ 1. Further, since any single 110 path can be modelled as the resistances of junctions and nanowires in series, then the mean resistance 111 of a path is proportional to the mean number of nanowires per conducting path,n p such that
where r j and r w are the resistances of junctions and nanowires respectively.
114
We expect the mean number of nanowires per conducting path to be proportional to the expected 115 number of nanowires per unit area required for percolation,n * . From Equations (4) and (5), this is
116
given by
So we have
Further, if the variance of r p is small, then to a first approximation, r p =r p , such that Equation (6) unit area in the network, i.e. n r ∝ n c . Accordingly, we combine Equations (9), (10) and (11) to yield
where K collects all constants and thus should have no dependence on ω, λ orc, but should depend 126 on the resistances of junctions and the intrinsic resistance of the constituent nanowires, r j and r w 127 respectively. Note the introduction of the subscript, 's' such that Equation (13) gives the sheet 128 resistance, R s ; this being a consequence of the dependence of the number of junctions per unit area, n c .
129
Now, Equation (13) predicts that a plot of √ R s against 1/(c λ) will be linear with gradient, √ K ω. Table 1 .
136
We expect that transmission of light through a nanowire network will depend on the fraction of 137 the network covered with nanowires and the extent to which light is refracted at their edges; this 138 phenomenon is termed 'hazing'. From Equation (3), we obtain the fraction of the network that is not 139 covered by nanowires as the probability of coverage, c = 0, i.e.
Further, we note that hazing will occur at the perimeters of these open areas such that T ∝ ǫ. For . Linear regressions passing through the origin have coefficients of determination greater than 0.95 for each data set, confirming excellent agreement between these data and Equation (13). For simulated data, generated using constant parameters for all variables other than nanowire aspect ratio, the gradient is effectively constant. For experimental data, the higher gradient can be attributed to the different diameters of the constituent nanowires, their finite resistance, and different values of junction resistance from those used in the simulations 
150
Recall that the mean coveragec = τ ω, where τ = n λ is the total nanowire length per unit area.
151
Accordingly, for a nanowire network with given mass per unit area, Equation (14) 
154
We proceed then on the assumption that T ≈ ǫ = e −c such thatc = log(1/T ) and Equation (13) 155
For experimental data recovered from the literature, we find that plots of
always exhibit a non-zero intercept on the ordinate. We interpret this as either a systematic calibra-158 tion error in the measurement of T or as a contribution of a backing substrate to light absorption.
159 Figure 3 shows a least-squares fit of Equation (15) Table 2 .
167
Polydisperse nanowire lengths 168 Khanarian et al. [7] and Large et al. [8] report that the lengths of nanowires are well described by . Broken lines show fit of Equation (15) to the data, assuming T → (T − β); inset figures show linear dependence between √ Rs and 1/ (log(1/T ) λ) as predicted by Equation (15) . Regression data are provided in Table 2 . . Broken lines show fit of Equation (15) to the data, assuming T → (T − β); inset figures show linear dependence between √ Rs and 1/ (log(1/T ) λ) as predicted by Equation (15) . Regression data are provided in Table 2 . processes, and thus might be expected to characterise nanowire breakage due to, e.g. ultrasonication.
178
In the Supplementary Information, we show that for a lognormal distribution of nanowire lengths 179 with coefficient of variation CV (λ), the length-weighted average lengthλ w = 1 + CV 2 (λ) λ . Thus,
180
for CV (λ) ≈ 0.5 we haveλ w ≈ 1.25λ. Noting that Equation (13) gives R s ∝ 1/λ 2 for a network of 181 nanowires with uniform length, it follows that for a lognormal distribution of lengths
.
By definition CV (λ) ≥ 0, so we may state that the sheet resistance of a network of nanowires with a nanowires.
188
Network uniformity
189
As is evident on first inspection of Figure 1 , an inherent property of stochastic processes is that they 190 exhibit non-uniformity. Accordingly, we expect non-uniformity in the structure of nanowire networks
191
to manifest itself in non-uniformity of transport and optical properties. Indeed, Khanarian et al. 192 observed significant spatial variability in their measurements of sheet resistance, R s and reported that 193 this variability increased as mean coverage decreased towards the percolation threshold [7] . Whilst 194 not discussed, the same phenomenon can be observed in the error bars on the sheet resistance data of 195 Bergin et al.
[2]; these reveal also smaller variance of sheet resistance for networks of shorter nanowires.
196
We shall discuss these phenomena in detail elsewhere; for now we note that a natural extension of 197 Equation (13) is that spatial variability of R s will depend on the local averages of coverage, c. Further, works of nanowires with a distribution of lengths is dominated by the contribution of longer nanowires.
213
We show also that the known theoretical dependence of network uniformity on mean coverage, coupled 214 with our theory, provides qualitative agreement with the observed influence of mean coverage on the 215 variability of sheet resistance.
216
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The length-weighted distribution of nanowire length is 
